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Weld1. Introduction
Flash evaporator is one of the key equipments used in alumina production [1]. Usually ﬂash evaporating system is
composed of multiple ﬂash evaporators, this is the so-called multi-stage ﬂash evaporating system. The multi-stage ﬂash
evaporating system can recycle the thermal energy produced by steam exhaust and facilitate the next level process for
receiving the supplies with low temperature and low pressure.
Due to the worse working environments (high temperature, high pressure, corrosive environments), it is hard to control
the failure of the ﬂash evaporator. Many failures of ﬂash evaporator still happened even though many efforts were made in
this aspect [2–6]. On the other hand, the root cause of different cases might not be the same. Therefore, it is necessary to
investigate every case in detail in order to prevent the similar failures in the future.
In this case study, a ten-stage ore pulp ﬂash evaporator used in an alumina production plant was investigated in order to
ﬁnd out its root cause. The macroscopic observations, metallurgical observations, microscopic observations and EDS analysis
were performed in this study. In the end, the failure cause was concluded by analyzing the experimental results.
2. Backgrounds
Backgrounds are of great importance for investigating the failure cause of a case [7]. Therefore, it is necessary to collect as
much as possible the information on the backgrounds of the failed ﬂash evaporator. This ten-stage pulp ﬂash evaporator was* Corresponding author. Tel.: +86 531 8260 5313; fax: +86 531 8296 4889.
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Fig. 1. The macroscopic morphology of the ﬂash evaporator.
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found to be leaked at many positions near by the girth weld. Then, the specialized technical staff repaired the leaked
positions from the outside surface. However, the ﬂash evaporator was leaked again only after a month. Therefore, the plant
staff cut off a sample enveloping the leaked positions from the ﬂash evaporator, and entrusted our center to analyze the
failure cause. According to the introductions, type of the ﬂash evaporator material was GB Q345R. The nominal dimensions of
the ﬂash evaporator are 4800 mm  16 mm  9700 mm (inner diameter  wall thickness  height). The macroscopic
morphology of the leaked ﬂash evaporator is shown in Fig. 1. It is shown that the leaked positions are almost close to the girth
weld. The positions where white arrows point to in Fig. 1 are the repair welding positions. As introduced by the plant staff,
the welding technology of girth weld was submerged arc welding and type of the welding electrode material was GB J507.
According to the introductions, the pressure inside the ﬂash evaporator was 0.25 MPa and the temperature was 120 8C. The
media inside the ﬂash evaporator mainly included Na2O (250 g/L), Al2O3 (55 g/L), Na2CO3 (10 g/L) and SiO2, the peak ﬂow rate
of the media was approximately 500 m3/h. The steam tracing system was not used in this ﬂash evaporator. It was certain that
the ﬂash evaporator worked intermittently though the plant staff could not accurately ascertain the on-off frequency. There
were no corrosive environments outside the ﬂash evaporator.
3. Results
3.1. Macroscopic inspections
The macroscopic morphology of the ﬂash evaporator outside wall was shown in Fig. 1. The plant staff cut off a
sample near by the girth weld from the ﬂash evaporator, as shown in Fig. 2. The areas inside the red circles were the
leaked positions, the areas inside the white dot dash lines were the repair welding positions. The macroscopic
morphologies of inner wall were shown in Fig. 3(a) and (b). Fig. 3(a) shows the morphology before removing the
corrosion products, and Fig. 3(b) shows the morphology after removing the corrosion products. It is shown in Fig. 3(a)Fig. 2. The macroscopic morphology of the outside wall of a sample cut off from Fig. 1. (For interpretation of the references to color in the text, the reader is
referred to the web version of this article.)
Fig. 3. The macroscopic morphologies of the inner wall: (a) before removing the corrosion products, (b) after removing the corrosion products.
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girth weld were discovered after removing the corrosion products, as shown in Fig. 3(b). The leaked positions were
marked with white circles in Fig. 3(b). In Fig. 3(b), it is observed that the cracks seem straight macroscopically, and
that the cracks are initiated from the weld joint. And no small branch crack emanated from the main cracks is
observed macroscopically. After removing the white residues on the outside wall and red corrosion products on the
inner wall, we measured the wall thickness of the matrix. The wall thickness is approximately 16 mm, which
demonstrates that the uniform corrosion of the ﬂash evaporator is not heavy. The failure of the ﬂash evaporator
should be attributed to local corrosion.
3.2. Metallurgical observations and crack propagation observations
The metallurgical structures and crack propagation morphologies of the right crack in Fig. 3(b) were observed. Fig. 4
shows the magniﬁed morphology of right crack in Fig. 3(b).
The area inside the white box in Fig. 4 was cut off by an arm saw; and then, the inner wall surface inside the white box was
ground, polished, and etched by 3% nital in order to observe the metallurgical structures and crack propagation
morphologies. The metallurgical structures of weld joint and heat affected zone (HAZ) were shown in Fig. 5(a) and (b)
respectively. The metallurgical structures of the weld joint were ferrite (white) and pearlite (black) which was distributed
between ferrites. The metallurgical structures of HAZ were also ferrite (white) and pearlite (black). But the difference
between Fig. 5(a) and (b) is obvious; in Fig. 5(b), ferrites and pearlites were distributed in band.
The crack propagation morphologies inside the white box in Fig. 4 are seen in Fig. 5(c). The branch cracks were observed,
and corrosion products were ﬁlled between the two main crack surfaces. It is because of the corrosion products ﬁlled
between crack surfaces that the propagation route (transgranular or intergranular) of the main crack cannot be discerned
even observed by SEM under higher magniﬁcations. Many secondary cracks were emanated from the main crack, as shown
in Fig. 5(d)–(f). It is shown that these secondary cracks which seem like branches propagate intergranularly. The
environments of these secondary cracks are the same as that of the main crack; therefore, we deduced that the main crack
Fig. 4. The magniﬁed macroscopic morphology of the right crack in Fig. 3(b). (For interpretation of the references to color in the text, the reader is referred to
the web version of this article.)
Fig. 5. The metallurgical structures and crack propagation morphologies: (a) the metallurgical structure of weld joint, (b) the metallurgical structure of HAZ,
(c) the macroscopic crack propagation morphology, (d)–(f) secondary cracks emanated from the main crack.
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morphologies [8].
By the macroscopic crack growth morphology in Fig. 4, it was found that the crack width decreased gradually from the left
side to the right side. Therefore, it was deduced that the crack was initiated on the left side of the crack (where the white
arrow pointed to in Fig. 4), and that the crack propagated from the left side to the right side in Fig. 4 (as shown by the red
arrow in Fig. 4). The crack was also opened by bending test. It was found that the penetrating depth of crack in the direction of
wall thickness decreased gradually from the left side to the right side, which veriﬁed that the crack propagated in the
direction where the red arrow pointed to.
3.3. SEM observations and EDS analysis
The white residues on the outside wall and reddish-brown corrosion products on the inner wall were observed by SEM, as
shown in Fig. 6(a) and (b) respectively. The EDS results of white residues and reddish-brown corrosion products were shown
in Fig. 7(a) and (b) respectively. The chemical compositions of the white residues were mainly Na and O. We deduced that the
white residues should be the sodium hydroxide which ﬂowed out of the ﬂash evaporator. As shown in Fig. 7(b), the chemical
compositions of inner wall corrosion products were mainly O, Na, Al, Si, Ca, Fe, Mg, etc. Therefore, we deduced that the inner
wall corrosion products might be composite metal oxides.
The area inside the black box in Fig. 4 was cut off by an arm saw, and then the crack surfaces were opened carefully by
bending test in order to observe the fracture surface. The macroscopic fracture morphology was shown in Fig. 8. It was found
that the crack surface was covered by corrosion products, and that the corrosion products could not be removed even though
Fig. 6. The microscopic morphologies of the white residues and reddish-brown corrosion products observed by SEM: (a) white residues on the outside wall,
(b) reddish-brown corrosion products on the inner wall.
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days. The repair welding position was on the outside wall which was opposite to the surface the crack was in. Therefore, it
was deduced that repair welding only repaired the outside surface; but the whole wall thickness was incompletely fused.
The direction where the black arrow points to in Fig. 8 is corresponding to the direction where the red arrow points to in
Fig. 4.
It was observed in Fig. 8 that the left side of the crack surface was black and the right side was reddish-brown. The
microscopic morphologies of the crack surface observed by SEM were shown in Fig. 9(a) and (b). Fig. 9(a) represents the
morphology of the left crack surface, and Fig. 9(b) represents the morphology of the right crack surface. It is demonstrated by
EDS that the chemical compositions of the left side were mainly Na and O. Therefore, the deposits were deduced to be NaOH.
The chemical compositions of the corrosion products on the right side were almost the same as in Fig. 7(b). Therefore, it was
deduced that the corrosion products on the right side were composite metal oxides.
3.4. Chemical compositions analysis
The compositions of the ﬂash evaporator material were analyzed by ZSX Primus II X-ray Fluorescence (XRF) spectrometer.
The results were shown in Table 1. We ﬁnd that the compositions of the ﬂash evaporator material are almost consistent with
that of Q345R speciﬁed by GB 713-2008 except slightly higher Si content.Table 1
The chemical compositions of ﬂash evaporator material (mass%).
Steels C Mn Si S P Cr Ni Cu
The ﬂash evaporator material 0.16 1.51 0.62 0.0012 0.018 0.011 0.010 0.029
Q345R (speciﬁcations by GB 713-2008) 0.20 1.20–1.60 0.55 0.015 0.025 – – –
Fig. 7. EDS: (a) white residues on the outside wall, (b) reddish-brown corrosion products on the inner wall.
Fig. 8. The macroscopic morphology of the crack surface in the black box in Fig. 4.
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The wall thickness of the ﬂash evaporator was hardly reduced by measuring the wall thickness. Therefore, the failure of
the ﬂash evaporator was caused by local corrosion other than uniform corrosion. Taking the severe working environments
(high temperature: 120 8C and NaOH solution with higher concentration), sensitive materials (mild steel), and the crack
propagation morphologies (branch crack and propagated intergranularly) into consideration, we concluded that the root
Fig. 9. The microscopic morphologies of the crack surface in Fig. 8: (a) the left side, (b) the right side.
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(SCC). There are three necessary conditions for SCC: (1) sensitive materials, (2) a certain corrosion environments, and (3) a
certain stress [9].
4.1. Sensitive materials
Type of the ﬂash evaporator material was GB Q345R, carbon content of the material was 0.16%. Type of the welding
electrode material was GB J507 of which the carbon content was not bigger than 0.12%. Both of these two materials were
mild steels. It is shown that mild steel is very sensitive to caustic embrittlement. Caustic embrittlement tends to happen
when the carbon content of mild steel is in the range of 0.01–0.25% [10]. In this case study, the carbon content of either the
ﬂash evaporator material or the welding electrode material was in the range of 0.01–0.25%. The material condition for caustic
embrittlement is satisﬁed in this case study.
4.2. Corrosion environments
The corrosive media contained in the ﬂash evaporator was mainly high concentration caustic soda solution. The
concentration of caustic soda was approximately 24% by simple conversion (Na2O 250 g/L). It has been shown that high
temperature is another necessary condition for caustic embrittlement apart from high concentration NaOH solution. The
schematic illustration of caustic embrittlement of carbon steel is shown in Fig. 10 [11]. It is demonstrated that caustic
embrittlement can happen when the concentration of caustic soda is in the range of 4–75 percent. The caustic embrittlement
Fig. 10. The relationship between the sensitive zone of caustic embrittlement for carbon steels, and the temperature and the concentration of caustic soda
[11].
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embrittlement can happen is about 50 8C. In this case study, the concentration of caustic soda was approximately 24% and
the working temperature was 120 8C, which completely satisﬁed the environmental conditions for caustic embrittlement. In
addition, the intermittent working environments could amplify the local concentration of caustic soda on the ﬂash
evaporator inner wall, and further increased the sensitivity of caustic embrittlement.
4.3. Stress
It was shown in Fig. 1 that the crack was perpendicular to the girth weld by macroscopic observation. The crack
propagated along the longitudinal direction of the ﬂash evaporator. Therefore, the driving force for crack propagation was
the circumferential stress. The inner pressure of the ﬂash evaporator was 0.25 MPa, then the circumferential stress was
obtained by simple calculation (st = p  R/t = 37.5 MPa; p – inner pressure, R – inner radius, t – wall thickness). The calculated
result demonstrates that the circumferential stress generated by inner pressure was not big. But we noticed that the leakage
was at the position of weld joint; therefore, the welding residual stress must be considered. The residual stress and
circumferential stress generated by inner pressure can be superimposed together. On the other hand, the weld ﬂaws created
during welding and corrosion pits created due to the corrosion of caustic soda were the positions of stress concentration. The
stress concentration could remarkably amplify the local stress at the tip of these ﬂaws. Therefore, the local stress at the tip of
these ﬂaws might be readily over than the threshold stress of caustic embrittlement after considering the effect of stress
concentration.
5. Conclusions
The failure of the ﬂash evaporator is caused by caustic embrittlement by macroscopic observations, EDS analysis,
metallurgical observations, and SEM observations.
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